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1 Introduction

Plastic scintillator, with embedded wavelength shifting �ber (WLS) readout,

has been shown to be a very e�cient way to sample and measure energy

loss from charged particles. This technique is often used in applications (e.g.

calorimeters) where a large area needs to be covered with minimal dead regions

caused by light transport. In addition, scintillating �bers are quickly becoming

a very popular detector technology, used both for tracking applications as well

as in the manufacture of compact calorimeters. Both of these technologies are

quite mature (cf. references [1,2], and the references contained therein) and

supply solutions to a vast range of technical problems.

There is a middle ground between these technologies. This is the region where
relatively �ne segmentation is needed, but (a) the high channel count of a
scintillating �ber detector is both prohibitively expensive and unnecessary, and
(b) the granularity available from conventional scintillator-WLS �ber designs
is insu�cient. Plastic scintillating strips with wavelength shifting �ber readout

blend the salient ideas of both technologies and provide an answer to situations
where light needs to be e�ciently collected from long, narrow regions. They
thus make an ideal candidate for a preshower detector being planned for an
upgrade of the D� detector at Fermilab. We have constructed and studied
prototype detectors where the signal was brought out from the scintillating
�ber through long clear �bers to Visible Light Photon Counters (VLPC's). 3

Our prototypes have been extensively tested in a cosmic ray stand. The large
photostatistics a�orded by the VLPC's and the large number of cosmic ray
events collected enabled us to make a detailed study of the properties of these
detectors, which we present here.

The D� collaboration at Fermilab is presently preparing for a major detector

upgrade [4], scheduled to be in place for Run II at the Tevatron. Among many
other improvements, this upgrade includes removal and replacement of the
entire central tracking system and installation of a solenoidal magnet with a

two Tesla magnetic �eld. The preshower detector is designed to work together

with the central tracking system and the electromagnetic calorimeter to aid
in particle identi�cation and energy resolution. The preshower will substan-

tially assist in low-p? electron identi�cation (both at the trigger level and in
o�ine reconstruction) which will improve D�'s overall b tagging capabilities{

an important requirement for a number of physics topics. In addition, Monte

Carlo studies [5] have shown that a scintillator preshower detector, placed on

3 VLPC's are very high quantum e�ciency photodetectors (� 65% at 530 nm)

developed by Rockwell International [3]. It is expected that quantum e�ciencies

of 80% will soon be attained. This should be compared to the 8-15% quantum

e�ciencies observed for typical phototubes at WLS wavelengths.
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the outside of the solenoidal magnet, will improve the electromagnetic energy

resolution. While the current D� detector [6] has exceptional electromagnetic

energy resolution, this resolution would be degraded by the one radiation

length of additional material (at � = 90� with respect to the beam direction)

that makes up the solenoid. The preshower detector restores the current en-

ergy resolution by sampling showers after the solenoid and before the existing

calorimeter.

While the details of the preshower detector design are not yet fully determined,

the overall strategy is �rm. Several layers of scintillator strips will be placed on

the outside of the solenoidal magnet at a radius of about 75 cm. The prototype

module discussed in this paper anticipates a design that uses strips with a

square cross section and approximate dimensions (2300 � 5 � 5) mm. Other

shapes with di�erent cross sections (such as triangles) are being considered
but are not discussed here. Wavelength shifting �bers are run in long holes
along the axis of the scintillator strips. The innermost layer will have the strips

aligned parallel to the cylindrical magnet's axis (i.e. the beam direction). Then
two layers will be placed at a stereo angle relative to the axial strips. This angle
is not yet chosen, but will either be 90� or some small angle on the order of
20�. In the event that a small stereo angle is chosen, it is likely that both u

and v (e.g. �20�) layers will be present. It is possible that there will also be a
second axial layer to guard against dead spaces between adjacent scintillating
strips. The resulting cylindrical geometry, possibly employing helical strips,
presents interesting challenges in mechanical design. This article discusses the
construction and optical test results of a prototype module.

Two methods of making adjacent strips are currently under consideration. The

�rst, called the megatile option, consists of strips created by milling grooves
into a large sheet of scintillator. Adjacent grooves are cut almost completely
through the sheet, leaving a small thickness of scintillator at the bottom. These
grooves are then �lled with an opaque, reective, white glue. The hole for the

�bers is created by using a ball-end mill to cut a groove of circular cross-section

along the axis of the strips. The second method, called the extrusion option,
is manufactured by extruding long individual scintillator strips with a hole at

the center of the strip. In both cases, the mismatch between the cylindrical
geometry of the �nal design and the planar geometry of scintillator strips and

sheets require that strips be bent. Since the bending will either (a) introduce

a stress to the plastic or (b) require that the plastic be heated to release this
stress, this suggests that one must investigate the e�ect of heating and crazing
on light output.

There are many small variations in manufacturing techniques that can be

imagined. In this article we discuss several options that we chose to test. Our
current results primarily explore variations in the megatile option. Prepara-

tions for similar tests of extruded scintillator are currently underway and those
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results will be the subject of a subsequent article.

2 Test Stand

A principal component of the upgraded D� detector is a scintillating �ber

central tracker consisting of 80 000 scintillating �bers arranged on 4 cylinders

of di�erent radii. These �bers will be connected via clear �bers (eight meters

long) to VLPC's.

Because of the daunting size and complexity of the project, the D� Fiber

Tracking Group built a cosmic ray test stand to demonstrate that a large

scale system using their proposed design could be made to work. Details of
the test stand are given in [7], but briey it can be described as follows.

Figure 1 is a schematic of the test stand. Four scintillating paddles at various
vertical positions provide the trigger for the apparatus. In addition, two thick
steel absorbers (0.8 m and 1.4 m respectively) are stacked and separated by a
several inch gap. The narrower of the paddles are placed above the steel and

surround the �ber tracker group's prototype module. These paddles provide
spatial constraints on the cosmic rays which are accepted. A third paddle is
placed between the steel absorbers and the fourth is placed beneath both steel
blocks. These paddles place energy constraints on the cosmic ray muons seen.
By requiring that either three or all four paddles �red, it is possible to put a

lower threshold on the energy of the cosmic ray from the known dE=dx loss
in the steel.

In addition to the trigger scintillator paddles, three planes of Iarocci tubes were
used: two above the steel, straddling the �ber tracker prototype, and the third
between the two steel absorbers. These planes were used initially to crudely

determine the position of the track. Although subsequent understanding of

the �ber tracker prototype has rendered the Iarocci tubes obsolete for one
view (xy), they still provide useful position information in the yz view. (The

y direction is up, the z direction runs parallel to the �bers and points away
from the readout end, and the x direction is chosen to make a right-handed

coordinate system).

The �ber tracker prototype is composed of ribbons of 835 �m-diameter scintil-
lating �bers, arranged into three groups of layers as shown in Fig. 1. Di�erent

ribbons are aligned either parallel to the z axis or at a small stereo angle (2�).

The axial (but not the stereo) planes are used in this analysis. Therefore, the

x position is determined by the �ber tracker prototype, but the z position is

determined by the Iarocci planes. Consequently the x intercept is determined

much more precisely than the z intercept.
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Each �ber of the tracker prototype is a three meter long scintillating �ber

of Kuraray [8] manufacture, containing 1% p-terphenyl and 1500 ppm 3-

hydroxyavone (3HF) [9]. Only the central two meters of �ber were in the

�ducial volume of the detector. The light from each scintillating �ber is trans-

ported via an eight meter clear �ber to an individual VLPC pixel. The �ber

tracker prototype consists of 3072 channels.

While the �ber tracker prototype is a technical tour de force in its own right,

from the point of view of testing the preshower prototype, it is merely a very

precise device for determining the trajectory and minimum energy of cosmic

ray tracks. In the interest of conciseness, for the remainder of the paper we

do not distinguish between information determined using the �ber tracker

sub-detector and information determined using Iarocci planes. We simply call

the entire track-measuring system the \�ber tracker." The position resolution
of the x coordinate is 80 �m at all values of z at the preshower prototype,

and the track resolution of the z position is 3.0 mm at all values of x. The
minimum track energy is 0.9 GeV and 2.5 GeV for three and four scintillators
hit, respectively.

Space constraints required that the preshower prototype module be placed
underneath the �ber tracker prototype, but above the steel absorbers. See
Fig. 1 for details.

3 Detector Variations

Before determining our �nal detector design, we intend to test many small
variations of the baseline design. Here we study variations on the almost square
(e.g. 4.5 � 5.0 mm) cross section strip design which has been used by other
groups [2]. After discussions with representatives from various companies, two

types of Bicron [10] scintillator (BC-404A and BC-404BL) were chosen on the
basis of reported light yield and reasonable cost. Both scintillators are doped

with the same uors as Bicron BC-404, although at lower concentrations. In

addition, BC-404BL is a cross-linked polyvinyltoluene plastic, which improves
its mechanical properties [11]. Stringent tests of these two scintillator types

were performed.

Design considerations 4 suggested that each strip be 4.5 mm thick and � 5
mm wide. Wavelength shifting �ber of the type we chose to test (Kuraray Y11

[12], with K27 as the dye) was commercially available with a diameter of 0.835

4 The strips are made as thick as they can be within the allowed space budget for

the �nal detector and the width is governed by matching the position resolution to

that of the central �ber tracker.
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mm. Constraints from the pre-existing D� cosmic ray test stand limited us

to 128 channels and about 8 cm of transverse space. These constraints led to

the following design.

Seven pieces of scintillator (1000 � 4.5 � 80) mm were manufactured. Each

piece had 15 grooves milled in it, yielding 16 strips. Each detector variation

used eight adjacent strips, for a total of 14 designs.

We describe here the \normal" megatile design. In each 4.5 mm thick sheet

of scintillator, deep grooves were cut with a center-to-center spacing of 5 mm

(0.200"). Due to variations in the thickness of the scintillator, the amount of

material left at the bottom of the groove varied, but was typically 0.010"{

0.020" (250{500 �m). A 0.030" (750 �m) straight bit was used to cut these

grooves, which are called isolation grooves. These grooves were then �lled with
an opaque, highly reective, white glue which was allowed to dry. A second
set of grooves were cut midway between the isolation grooves (again with a 5

mm center-to-center spacing). These grooves were cut with a 0.030" straight
bit to a depth of 0.060" (1.5 mm). The bit was then changed for a 0.040" (1
mm) ball cutter and a hole for the �ber was cut. The depth of the cut was set
such that the bottom edge of the ball was 0.060" (1.5 mm) below the surface
of the scintillator (see Fig. 2). These grooves are called �ber grooves.

Including the \normal" design, 14 di�erent detector variations were inves-
tigated and are listed below. Each detector variant was carefully chosen to
allow one to isolate the e�ect of each change. \Normal" designs were made
with both types of scintillator and each variant has a single di�erence from
one of these \normal" detectors. Unless otherwise speci�cally stated, all scin-

tillator is BC-404BL and all �ber is Kuraray double clad Y11 250 ppm. The
variations tested are:

404B Normal BC-404BL scintillator, manufactured normally.
404A Normal BC-404A scintillator, manufactured normally.

404B Heated BC-404BL scintillator, manufactured normally and then heated
to � 225� F for approximately 30 minutes.

404A Heated BC-404A scintillator, manufactured normally and then heated

to � 225� F for approximately 30 minutes.
404B Crazed BC-404BL scintillator, manufactured normally and then made

to craze.
404A Crazed BC-404A scintillator, manufactured normally and then made

to craze.
0.100" Normal manufacture, except the depth of the ball groove was 0.100"

(2.5 mm) instead of 0.060" (1.5 mm)

0.050" Normal manufacture, except the depth of the ball groove was 0.050"
(1.25 mm) instead of 0.060" (1.5 mm)

0.038" Normal manufacture, except the diameter of the ball cutter was 0.038"
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(0.965 mm) rather than 0.040" (1 mm)

Black Stripe Normal manufacture, except a thin black stripe was drawn on

the scintillator surface, directly beneath the isolation groove glue.

Optical Glue Normal manufacture, except after the WLS �ber was inserted,

BC-600 optical glue was injected into the �ber groove, replacing the normal

air gap. This kept the index of refraction approximately constant as the

light travels from the scintillator, through the gap and into the �ber.

BCF-91A Normal manufacture, except single clad Bicron BCF-91A �ber

(0.835 mm) was used.

Y11 350 Normal manufacture, except the dopant in the �ber was Y11 350

ppm, rather than the normal 250 ppm.

3HF Normal manufacture, except the dopants in the WLS �ber were 1%

p-terphenyl and 3HF [9] at a concentration of 1500 ppm.

The megatile manufacturing variations occupied 112 of 128 available chan-
nels, or seven of eight available layers. The �nal layer was reserved for very
preliminary tests of the extruded scintillator option. Strips of scintillator (5
� 5 � 1000) mm with a 1-mm-diameter axial hole were obtained from the
Particle Detector Group at Fermilab. This scintillator had been prepared by
Fermilab sta� and consisted of a polystyrene base and scintillating dopants

which give uorescence spectra and light yield similar to Kuraray SCSN-81
[13]. As before, Kuraray Y11 250 ppm double-clad �bers are used.

Because only 16 channels were available to test the extruded option, it was
decided to make four extrusion variants of four strips each. These variations
were called:

Normal Extruded Two parallel sides (5 � 1000) mm were carefully painted
white. The remaining two sides were left bare. This variation was designed
to have a reection geometry similar to the megatile design.

Clear Extruded Strips were left bare (i.e. no surface preparation).
White Extruded Strip surfaces were entirely painted with a glossy white

latex paint.

Black Extruded Strip surfaces were entirely painted with a at black latex
paint.

4 Prototype Construction

4.1 Megatile Construction Details

The megatiles were cut at Fermilab. A (1524 � 610 � 4.5) mm sheet of BC-
404BL was placed on a Thermwood milling machine (a computer controlled
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precision mill) and isolation grooves su�cient for seven megatiles, each consist-

ing of 16 strips, were cut. Prior to cutting, the protective �lms were removed

from both sides of the scintillator. The megatiles were not cut from the par-

ent scintillator sheet at this time; only the isolation grooves were cut. Each

isolation groove was 102 cm long. In addition, alignment holes were cut. This

construction stage took approximately eight hours. The scintillator was then

removed from the milling machine. The isolation grooves made the remaining

scintillator very imsy, so extreme care was necessary.

The next stage in megatile manufacturing was the injection of the isolation

glue. The glue formula and techniques of glue injection were taken largely

from CDF's endcap upgrade e�orts and are given in exhaustive detail in [14].

Briey, the surface of the scintillator with the open grooves was thoroughly

cleaned with ethanol and the grooves were inspected to ensure that all debris
from the cutting stage had been removed. Four-inch wide Kapton tape was
laid in adjacent strips over the open grooves. A roller aided in giving good
contact between the Kapton and the scintillator. Three small holes were made
in the Kapton for each groove, one in the center and one at each end. White
isolation glue 5 was injected into the center hole via a pneumatic hypodermic.

The end holes served as vents, allowing the glue to ow to the ends. After
each groove was �lled, the holes were covered and the next groove was �lled.
For reasons that will be given later, certain grooves were not �lled. After the
grooves had been �lled, the tile was allowed to cure at room temperature for
several days. The tile was then inspected for air bubbles in the glue and any

such defects were repaired by injecting more isolation glue. After several more
days of curing, the Kapton tape was carefully removed and the surface cleaned
again with ethanol. This procedure, properly done, yields a clean surface with
little stray glue.

The scintillator was then returned to the Thermwood milling machine and the

�ber grooves cut. This was done in two stages, �rst cutting the �ber groove
with a 0.030" (0.75 mm) straight mill, followed by a second cut with a ball-end

mill (typically 0.040" (1 mm)). Special care was needed at this stage as it was
at this time that the di�erent manufacturing variations were added (di�erent

ball groove depth, di�erent ball mill diameter, etc.).

Finally, the megatiles were cut from the parent scintillator sheet. The result

was seven (1000 � 80 � 4.5) mm megatiles, each consisting of sixteen 5 mm
wide strips. Each megatile contained two manufacturing variations, consisting

of eight strips each. Some of these megatiles were set aside either as spares or

5 The isolation glue consisted of: Dow Corporation DER-332 epoxy, Dupont Corpo-

ration \Ti-Pure R700" titanium dioxide, and Texaco Corporation Ja�amine D-230

as a curing agent. These materials were mixed in the ratio (DER-332):(TiO2):(D-

230) ! 100:50:32 by weight. See Ref. [14] for more details.
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for radiation testing and were not included in the cosmic ray test.

The entire process was repeated with a sheet of BC-404A scintillator of the

same size. The procedure was identical, except only two 16-strip megatiles

were made.

Some of the detector con�gurations required special handling. For instance, it

would not be possible to heat only eight strips of a 16-strip megatile. For this

reason, two of the BC-404BL and both BC-404A megatiles did not have isola-

tion glue injected into the center groove. This allowed each 16-strip megatile to

be easily separated into two eight-strip tiles. It was then possible to manufac-

ture each particular detector con�guration. Those con�gurations that required

additional special construction e�orts were:

Heating After the isolation glue had cured, the BC-404A and BC-404BL
eight-strip tiles were placed at the same time in an oven heated to 225� F
for about 30 minutes. The precision of the oven thermometer calibration
is unknown and the thermometer was unavoidably situated some distance

from the scintillator, but it is certain that both tiles were heated enough to
soften and wet the underlying surface. Neither were heated enough to have
substantial permanent shape distortion.

Crazing After the isolation glue had cured, eight-strip tiles of BC-404A and
BC-404BL were placed on a cylinder of 70 cm radius for a period of 1 month.

In order to maximize total stress (and therefore crazing), the long axis of
the tile was oriented perpendicular to the cylinder axis and strapped down
(i.e. if the cylinder end is taken to be a circle, the strips were forced to follow
the circle circumference). After one month, some crazing was visible on both
samples, although it was much less than similar samples, identical except

lacking the isolation glue, placed on the cylinder for a similar time. After

removal from the cylinder, the BC-404BL sample returned to the original
at shape more quickly than the BC-404A sample.

Optical Glue After WLS �bers were inserted into the �ber grooves (details

given below), a fresh layer of Kapton tape was applied to the top of the

megatile. Small holes were made in the Kapton tape at the center of the
�ber groove. Using the same apparatus as was used to inject white isolation

glue, Bicron BC-600 (a clear, colorless optical glue, with index of refraction
1.58) was injected into the �ber groove through the holes in the Kapton

tape. After the BC-600 had cured, each �ber was found to be �rmly potted
in the �ber groove without air bubbles. The Kapton tape was then removed.

Black Stripe The megatile was ipped so its unmilled side was facing up.

Then, using a straight edge and a black magic marker, a line (approximately
0.1" wide) was drawn directly underneath each isolation groove. Special care

was taken to ensure each line was truly black.
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4.2 Extrusion Construction Details

Preparing the extrusions was relatively easy. The (5 � 5) mm cross-section

strips were cut to 1 meter lengths and their ends were diamond polished. The

strips were then painted. For the Black and White strips, this consisted of

holding the strips vertically and spinning them around their long axis while

the paint was sprayed on (all strips received two or three coats). Care must be

taken to avoid uneven paint build-up (e.g. drips). Such paint non-uniformities

have little e�ect on the optics (assuming the surface is entirely covered) but

can a�ect how snugly the strips can �t together.

The Normal strips were more time consuming to prepare. Each strip had

two sides hand painted using a small brush. The uniformity of the paint was
reasonable, but noticeably worse than for the White and Black strips. If this

design is chosen for the �nal detector, substantial R&D will be needed to
improve this phase of fabrication.

4.3 Wavelength Shifting Fiber Insertion

Primarily Kuraray Y11 (250 ppm concentration) double clad �ber was used.
In addition, single clad BCF-91A, double clad 3HF (1500 ppm concentration,

these were spares from the �ber tracker) and double clad Y11 (350 ppm con-
centration) �bers were prepared.

Double clad �bers consist of a core and two layers of cladding (indices of

refraction ncore = 1:59; nclad1 = 1:49; nclad2 = 1:42). Single clad �bers are of the
more conventional core and single cladding construction (ncore = 1:59; nclad =
1:49). Simple optics shows that double clad �bers give an improved light yield

over single clad ones by increasing the fraction of light that undergoes total

internal reection. Double clad �bers give 70% more light, simply due to this
optical e�ect, than comparable single clad �bers.

All �bers were 0.835 mm in diameter and cut to 1.5 m length. One end was
polished and then silvered by vacuum deposition.

Each �ber was placed in the appropriate �ber groove with the silvered end

ush with the end of the scintillator. Each �ber was held in place by a single

drop of 5 minute epoxy at each end of the �ber groove. With the exception
of the optical glue variation, in all cases there was an air gap between the

scintillator and the WLS �ber.
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4.4 Final Assembly

Once the scintillator had been prepared and the �bers inserted, each 16-strip

megatile was wrapped in Tyvek [1,15] and placed in the �nal holder. In the

case of the eight-strip tiles, two were placed beside one another and similarly

wrapped. Positioning was determined both by (a) pins that extended through

all the megatile layers and (b) by an external holder. Each layer was staggered

with respect to the layer above and below (see Fig. 2) to ensure that the

optically dead region caused by the isolation glue was covered by an active

region in an adjacent layer.

After the prototype model had undergone �nal assembly, the 128 WLS �bers

were inserted into the same type of optical connector used by the Fiber Tracker
Group [16], potted with BC-600 optical glue, cut and polished. By using the
same connector as the Fiber Tracker Group, installation of the preshower pro-
totype was as simple as putting it in the right place, surveying it, disconnecting

a layer of scintillating �ber from the �ber tracker prototype readout and re-
placing it with the preshower prototype connector. The smooth installation
and instant functionality were surprisingly trouble free.

The signals from the preshower prototype were piped via eight-meter clear

�bers to individual VLPCs. The VLPC outputs were then digitized and recorded
along with the rest of the �ber tracking prototype as part of the standard data
stream. The response of the VLPC is sensitive to both bias voltage and tem-
perature [3]. For this test, the bias voltage of all VLPC pixels was 6.5 V and
the temperature was held constant at 6.5 K.

5 Results of Cosmic Ray Testing

Many aspects of the performance of the preshower prototype were investigated.

Properties such as spatial uniformity of response, light yields, and crosstalk
are studied here.

The preshower module was installed in the test stand in mid-November 1994.

During a one month run, 3.1 million triggers were accumulated. After taking

into account the smaller acceptance of the preshower prototype, tracking ef-
�ciencies, and a high energy (i.e. four trigger scintillators �red) cut, 250 000
events were available for analysis, yielding approximately 16 000 events per

strip.

The possible slopes of useful tracks are restricted by the triggering and track

�nding conditions. The distributions of the projections of the slope (@x=@y
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and @z=@y) are Gaussian-like in shape with standard deviations �xy = 0.0532

and �zy = 0.288. Thus the tracks are much more vertical in the xy projection

than they are in the yz projection, as dictated by the trigger geometry.

The conversion between ADC counts and photoelectrons is done by utiliz-

ing the small amount of crosstalk seen. Using the information from the �ber

tracker to determine which strips were hit, and by looking at the signal in

the strips adjacent to the hit strips, one could easily see the 0, 1 and 2 pho-

toelectron peaks. By determining the peak-to-peak separation, the ADC-to-

photoelectron conversion was obtained. Figure 3 shows an example of the low

number of photoelectron spectra.

The ampli�er-to-ADC electronic chain was known to have a signi�cantly

nonlinear response. This nonlinearity was investigated by injecting known
amounts of charge into the ampli�er and plotting charge as a function of
ADC counts. This ADC-to-charge calibration was converted to the ADC-to-

photoelectron calibration by observing that for ADC counts corresponding
to 1 or 2 photoelectrons, the charge-to-ADC calibration was linear. Simple
arithmetic then allows the ADC-to-charge curve to be scaled to the more
useful ADC-to-photoelectrons, by multiplying the charge axis by the charge-
to-photoelectron conversion factor appropriate for low pulse height, linear be-

havior. Each strip was handled separately. For a typical nonlinearity curve,
see Fig. 4. The curves were �t to a fourth order polynomial. For large signals,
the number of photoelectrons indicated by the curve is signi�cantly higher
than that given by a linear �t to the small signal region. When a linear �t
gives 10, 20 and 30 photoelectrons for a set of three signals, the curve indi-
cates 2.0%, 7.5% and 49% more photoelectrons respectively. This illustrates

the importance of using the �tted curve to make nonlinearity corrections when
determining the number of photoelectrons.

While this test does not explicitly include VLPC nonlinearities, Ref. [17] and
the discussion of the angle e�ect given in Sect. (5.3) show that the VLPC

nonlinearity is not large in this region. From this point on, all results will be
given in terms of pedestal subtracted, nonlinearity corrected, photoelectrons.

The �rst step after installation was to verify alignment. Since the preshower
prototype was small enough to comfortably �t within the acceptance of the

�ber tracker, the preshower prototype was placed approximately in the center
of the �ber tracker and the �nal survey was done with tracks. As will be seen

below, the signal in most strips is quite distinct from pedestal. This allowed
us to require a large signal in a strip. This is equivalent to requiring that the

strip be hit by a track, but does not use the �ber tracker to determine which

strip is hit. We form a residual between the strip's nominal center and the
track intercept position of the cosmic ray with the strip, as determined from

the �ber tracker. Plotting the average residual as a function of z (position
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along the strip) showed that there was a 3 mm o�set and a 0.6 milliradian

rotation in the xz plane. The 3 mm o�set is a global o�set between the survey-

ors coordinate system and the internal coordinate system of the �ber tracker

prototype. The extruded strips were somewhat more di�cult to align, since

during construction their shape was deformed such that they were no longer

straight. This required complicated z-dependent position corrections of the

strip center for the extruded strips. After corrections, the x position of the

edge of each strip was known to � 50 �m for all values of z. The y position

of each strip is known to less precision, typically 1 or 2 mm. The z position

of the strips was determined by looking at the average signal as a function

of z. At the ends of the strips, obviously the average signal goes to zero (see

Sect. (5.6)). This approach allowed the z position of each strip to be known

to 1 or 2 mm. The disparity in the precision of the determination of the track

position in the various views reects the resolution of the �ber tracker.

5.1 Attenuation Length

The �rst property to be investigated was the attenuation length, �, of the
signal in the �ber. First, a direct measurement of � was made. A WLS �ber
was attached to a photodiode and was irradiated at various positions with a

point ultra-violet light source. Under these conditions, the attenuation length
was determined to be (4:5 � 0:5) meters. The relatively large uncertainty is
due to the fact that the length of the �ber that was irradiated was only a
small fraction of the attenuation length.

In principle, one would expect to get a more precise determination of � from
the cosmic ray data but this measurement is complicated by the fact that the
�bers are silvered on one end. Without the silvering, one would expect the

signal to fall as e�z=�. However, the silvering adds a second term:

I = I�(e
�z=� +Re�(2L�z)=�); (1)

where I is the average signal measured as a function of z, I� is the signal
transported in one direction by the �ber, L is the length of the scintillator,

and R is the reection coe�cient of the silvering.

Fitting the cosmic ray data, shown in Fig. 5, to I = I
�
e�z=�e� typically gives

�e� = 11 m. If one uses Eq. 1 instead, reasonable parameters (i.e. previously

measured) are � = 4:5 m, R = 0:7 and L = 1 m. This curve is di�cult to

distinguish from e�z=�e� . Discerning between (�;R) = (4.5 m, 0.7) and (11
m, 0.0) requires a 0.5% measurement, which is not possible due to systematic

errors from the non-uniformity in fabrication.
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The value of �e� is potentially misleading but suggestive. While this number

is not a \true" attenuation length, it reects the fact that the strip gives

remarkably uniform response over its one-meter length. Since the e�ect of

attenuation length is determined to be very small, the results of further studies

integrate over all values of 10 < z < 90 cm. The range of z covered by the

preshower prototype module is 0 < z < 100 cm.

5.2 Signal Uniformity Across Strip

The next detector property studied was the signal uniformity as a function of

x position. Since each strip has a �ber groove along its axis, it is expected that

the average signal would be smaller if a cosmic ray traversed the �ber (and
therefore less scintillator). Examples of the data are given in Fig. 6. The gross
features of the plots are easy to understand. A dip at the center is readily
visible, with the size of the dip related to the depth of the �ber groove. The

behavior at the edges of the strip is also easily understood from two factors.
First, the center-to-center spacing of the isolation grooves is 5 mm, so the 0.8
mm width of the isolation groove places the position of the scintillator edge at
�2:1 mm with respect to the strip center. (This position is indicated in Fig. 6.)
Second, the tracks are not all vertical and there is also an uncertainty in the

track position. The observed position and shape of the average signal response
at the edges of the strip agrees with expectations from these considerations.

Another noticeable feature is the small asymmetry in the positioning of the
central dip from the �ber groove. The o�set is about 100 �m and is observed
in all of the detector variations, although it is most apparent in the 0.100"
case. This o�set likely resulted when the scintillator was removed from the
milling machine after cutting the isolation grooves and before cutting the �ber

grooves. It is thought that the scintillating sheet was not replaced exactly in

its initial position when it was returned to the milling machine. Improving the
reproducibility of scintillator positioning to better than 100 �m will require
some e�ort.

To quantify the result, the ratio R = s=S is de�ned, where s is the average
signal at the center of the dip, and S is the average signal in the region of

maximum signal. Table 1 divides the di�erent detector con�gurations into

categories and gives the ratio R. It is expected that R should be related to
the depth of the �ber groove and thus the megatile data can be separated

into three groups: 0.100", 0.050", and all the rest (0.060"). Further, the
extrusions should have a di�erent behavior. Certainly these expectations seem

to be supported by the data. The two cases which have more than a single

sample (0.060" and Extruded) seem to have a degree of uniformity in their
R values. The net result is the less material removed in manufacturing the �ber
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groove, the more uniform the light yield. It would seem that the R ratio should

be equal to the ratio of the thickness of scintillator at the edge and the center,

but this expectation neglects the fact that the amount of scintillator traversed

is a function of incident angle. The data contain insu�cient statistics to require

only vertical tracks. The error of �0:01 reported in Table 1 is statistical. The

scatter in the values suggests an additional systematic component to the error

of �0:015. These two errors should be added in quadrature.

5.3 Angle E�ect

The angle e�ect is presented as a consistency check. Particles hit the surface

of the preshower prototype at some angle � with respect to the normal. Ne-
glecting non-uniformities in light collection e�ciency, it is expected that the
signal should be proportional to the amount of scintillator traversed. We de�ne

the fractional path length, p =
q
1 + (@x=@y)2+ (@z=@y)2, where @x=@y and

@z=@y are the one-dimensional slopes of the track. At � = 0 we have p = 1.

One may plot average signal, S(�), as a function of p and �t the data with a
straight line. After the �t, one may determine S(0) and replot S(�)=S(0) as
a function of p and re�t with a straight line. The simple ansatz given above

indicates that the slope should be unity and the intercept should be zero. We
observe a slope of 1:02 � 0:02 and an intercept of �0:023 � 0:024. It is very
important to note that when this same exercise is done without correcting for
the ampli�er nonlinearities, neither the slope nor the intercept is as expected.
This provides con�rmation that the nonlinearity of the electronics chain is

being removed correctly and that the VLPC makes only a minor contribution
to the overall nonlinearity.

5.4 Yield

One of the most important measurements that needs to be made is the photo-
electron yield for each detector variation. Because of the non-uniform response

near the groove and near the scintillator edges, data near the center and the

edges are excluded. A residual (�x) is determined, which is the distance be-
tween the track intercept and the center of the nominally hit strip. A cut
excluding residuals in the regions j�xj > 1:5 mm or j�xj < 0:5 mm is ap-

plied. Further, each signal is divided by its fractional path length as suggested

above. Finally, in order to compare the response fairly, each variation is divided

by its true thickness (measured randomly and averaged). The thicknesses are

4.3 mm for BC-404A, 3.9 mm for BC-404BL, and 5.0 mm for extruded strips.

The �nal result presented is a distribution of photoelectron yields given in
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photoelectrons per mm. One should interpret this result with care, since it is

heavily dependent upon geometry, but it is meaningful to compare the di�er-

ent detector variations. Because the shapes of the yield distributions of most

detector variations are nearly the same, the results are presented in tabular

form with the mean and RMS given. Figure 7 shows the shape of a typical

distribution, and Table 2 tabulates the results.

The number of photoelectrons observed, while an interesting number, includes

e�ects that do not reect the performance of the detector itself. The detec-

tor consists of one meter long scintillator strips with 1.5 meter long axial

WLS �ber with one silvered end. However, in addition, the light readout path

includes other elements, each of which degrade the total signal seen. These el-

ements are: an optical connector (95� 5% transmission), eight meters of clear

�ber with a 10:4 � 0:5 meter [18] attenuation length (46 � 2% transmission),
a second optical connector (95� 5% transmission), and the e�ective quantum
e�ciency (QE) of the VLPC (65 � 13% conversion). The e�ective QE is a

complex quantity which includes not only the conventional QE (i.e. the num-
ber of electrons produced per incident photon), but also includes other e�ects
that a�ect the electron yield. For instance, a slight positioning mis-match be-
tween a �ber and the active area of a VLPC pixel, some small contaminant
between the �ber and the pixel, or a blemish in the �ber or VLPC surface

can all degrade the conversion of photons into electrons. Since these e�ects
can a�ect the electron yield, we combine them with the conventional QE and
call the �nal result an e�ective QE. Many of these e�ects are not explicitly
measured, so the e�ective quantum e�ciency is quoted to have a 20% error
(20% = 13%/65%).

When the e�ects of the four elements in the light readout path are combined,
these elements degrade the signal by a factor of 0:272 � 0:054. Thus, the
number of photons exiting the WLS �ber is approximately 3:68 � 0:74 times
greater than the number of photoelectrons observed.

There is an additional complication that needs to be considered. The above

quoted 20% error in the e�ective QE reects an uncertainty in the global QE,
which a�ects each channel equally. Individual channels may also vary with

respect to the mean behavior. This possibility was investigated by injecting
the same (although unknown) amount of light into each VLPC pixel and

measuring the average number of photoelectrons observed. The RMS of this

variation was 11.5% although the uctuation was not randomly distributed
over the 128 VLPC pixels. Broadly speaking, eight adjacent channels have a
similar response, but this might be quite di�erent from the next eight channels.

This response variation was corrected for each channel. Due to an uncertainty

in the reproducibility of the light source, a systematic error of 5% was assigned

to this correction. Since we average over 8 samples per detector variation, we
expect that the systematic error caused by this e�ect for a particular preshower
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detector variation is smaller (5%/
p
8).

Similarly, the error reported in the connector transmission coe�cient (5%) de-

notes the variation between individual connectors. This uncertainty is caused

by slight variations in alignment (for instance the WLS �bers may not be

perfectly aligned with the clear �bers). This e�ect is a global shift. Within a

connector, each �ber is a�ected nearly the same. Consequently, while it is true

that the actual transmission factor for the connector is known to only 5%, all

of the �bers in the connector have the same light transmission to within 1%.

The treatment of errors in the yield results is subtle and warrants additional

discussion. The number of photoelectrons is determined with 2% precision.

The photon yield of each channel is corrected to the mean behavior to within

5%. However, the mean behavior is known only to 20%, primarily due to the
global uncertainty in the e�ective QE. When the number of photons exit-
ing the detector is calculated, it is thus necessary to report an error of 20%,

essentially entirely due to the uncertainty in the global e�ective QE of the
VLPCs. However, when a ratio is formed of the response of di�erent strips
(or detector variants), this error is normalized out, as it scales each channel
identically. Thus one is able to compare the di�erent detector types with a
precision much better than the 20% precision obtained for the photon yields.

Table 2 lists the photoelectron yields, the photon yields, and the response of
the di�erent detectors, relative to BC-404B Normal. It is quite apparent
that the systematic e�ects caused by the di�erences in e�ective QE are sub-
stantial and have a non-negligible e�ect on the comparisons between detector
variants.

The yield numbers seem to agree with expectations. For instance, the three
detector variations BC-404B Normal, 0.050" and 0.038" are very nearly
identical and they have light yields which agree with this expectation. Bicron

Corporation claims [11] that the nominal light yields for BC-404A and BC-

404BL scintillator are 59% and 63% of anthracene respectively. The expected
ratio of (BC-404A)/(BC-404BL) is 94%, in agreement with our measurements.

As expected, minor variations in construction do a�ect light yield. The range

seen, from top to bottom, is about a factor of two. In a separate test we found
that the light yield of SCSN-81 is approximately �70% of that seen in BC-

404A and BC-404BL. In both cases, the light is �rst converted in Y11 WLS
�bers. When one compares the extruded strip response to typical megatile

response, one sees a 60% ratio. This is in fair agreement, especially considering

the extruded strips are not actually SCSN-81. These observations suggest that
extrusions that are manufactured to have spectral response and light yield

similar to BC-404 will have response similar to that seen in megatiles.

Another interesting observation concerns the BCF-91A detector variation,
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which has a response of 72% of the baseline response. According to optical

calculations, the light yield of double clad �bers should be 70% greater than

that of similar single clad �bers. When one accounts for this e�ect, one �nds

a hypothetical double clad BCF-91A �ber will have a response of 1:7�72% =

122%. If true, trying to manufacture double clad BCF-91A �ber might prove

appropriate for some applications. We conducted uorescence tests which show

that the primary uor in BCF-91A is identical to that in Y11 (K27), although

we are unable to determine the concentration in BCF-91A. Since the uor

and �ber dimensions are identical, we ascribe the di�erence to either uor

concentration or di�erent manufacturing techniques for the two vendors.

Not surprisingly, the Black extruded option has low light yield. The light

does not survive many bounces in the scintillator and is not trapped in the

�ber. Similarly 3HF has low light yield. This is understood by considering
the light absorption spectrum of 3HF, which is peaked in the ultraviolet.

Therefore the spectral matching between the 3HF and the blue emitting BC-
404BL scintillator is poor.

5.5 Variation in Response Due to Fabrication

It is expected that di�erent strips may give unequal number of photons in

response to equal stimuli due to fabrication errors. Because each of the varia-
tions can have noticeably di�erent responses, each must be treated separately.
On the other hand, being able to combine results for all strips, in order to
improve statistics, is appealing. What one can do is take the signal for each
strip and divide it by the mean response of that particular con�guration. The

result is the normalized signal for each strip and the width of the normal-
ized signal distribution gives a measure of the manufacturing non-uniformity.
Such a distribution was made using the photon signal for all strips except for
3HF (insu�cient signal), Black extruded (insu�cient signal) and Clear

extruded (large edge e�ects).

The width of the resultant distribution is 7%. Variations in the quantum e�-

ciency from the VLPCs will contribute to this width, as well as manufacturing

non-uniformities. When the variation in VLPC e�ective QE is corrected, a 5%
systematic error remains. This would imply that the contribution from the

manufacturing non-uniformities is small.

Of the 112 strips used to evaluate manufacturing uniformity, there are two

strips that were substantially outside the range of normal response variation.

These strips had a response that was � 50% of the norm for that detector type.

Since the preshower prototype is still being used, no detector post-mortem has

been performed to determine the cause. Question of cause aside, one can say
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that the \bad channel" fraction for the �rst module built was � 2%.

5.6 End E�ects

For several reasons, it is important to know the detailed response near the

end of the scintillator (i.e. where the WLS �bers exit the scintillator and also

at the opposite end near where the �ber is silvered). The end response was

explored by plotting the average number of photoelectrons as a function of z

in �ne samples near the end. This was done for all detector variations at both

ends. The shape of the curve was similar for all variations and is given in Fig.

8. The shape is consistent with a step function convolved with a Gaussian

resolution function with width �T . This �T has two independent components:
� due to end non-uniformity and �z, the resolution in track z position reported

from the �ber tracker (3.0 mm). These contribute in quadrature to �T . The �
from each detector is tabulated in Table 1. Each detector variation includes
two ends, and therefore there are two �'s that must be reported: �l is for the
left side of the detector (the side where the WLS �bers exit the scintillator
on their way to the clear �bers) and �r is for the right side of the detector

(the side with the silvered �ber ends). Generally, one expects �l < �r since
it is impossible for light from the scintillator to enter the WLS �ber in the
region covered with silver. The size of this region varied, but was typically 2
to 3 mm in length. The � of the convolved Gaussian resolution function is just
one way to characterize the fallo� in light yield near the ends. An additional

useful piece of information is the distance from the end of the scintillator to a
position where the light response is some fraction of the \normal" response.
In order to determine a useful number, we calculate the distance between
positions having 10% and 90% of the \normal" response; this distance varies
with the detector con�guration, but is typically 12 to 16 mm.

5.7 Crosstalk

Crosstalk occurs when a signal in a particular channel induces a spurious signal

in an adjacent channel. In the case of the D� preshower prototype modules,
two possible causes of crosstalk can be imagined: electrical and optical.

Since electrical crosstalk is observed to be small [19], the primary concern is
optical. There are three possible mechanisms for light sharing between adja-

cent cells. The �rst is light tunnelling through the isolation glue separating

the strips. The thickness of this glue is � 0.8 mm, and from visual inspection,

it looks quite opaque and seems unlikely to contribute much to the overall

crosstalk.
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A second, substantially more likely, cause of optical crosstalk is light trans-

ported through the small amount of scintillator at the bottom of each isolation

groove (see Fig. 2). Light is emitted along a track as a particle traverses the

scintillator. Since the probability that a particular blue photon will hit the

wavelength-shifting �ber without �rst bouncing o� a scintillator surface is

very small, the blue photons make many bounces before they pass into the

WLS �ber and are absorbed. Although the top and bottom surfaces of the

scintillators in the megatile options are smooth and the photons are reected

in a specular manner, the sides are quite rough and this di�use reection

thoroughly randomizes the photons' directions. This randomization breaks up

channelling e�ects and thus one expects the fraction of crosstalk between ad-

jacent strips to be the ratio of the thickness of the scintillator underneath the

isolation groove (nominally 0.015" (0.4 mm)) to the total scintillator thickness

(nominally 0.177" (4.5 mm)). So the fractional crosstalk between adjacent cells
from this e�ect is expected to be (0.4/4.5) � 9%.

The �nal possible cause of crosstalk involves blue photons which exit the
scintillator, bounce o� the Tyvek wrapping over the isolation glue, and are

reected back into an adjacent strip. The amount of crosstalk from this cause
is di�cult to calculate, since poorly measured quantities come into play (e.g.
reectivity of the Tyvek, distance between the scintillator and Tyvek, etc.).
However, this e�ect should somewhat increase the overall crosstalk.

Naively, crosstalk is an easy thing to measure. The signal in the central strip

is taken to be the independent variable (X), the signal in an adjacent strip is
taken to be the dependent variable (Y ), and the mean Y (<Y >) is plotted
as a function of X. Our dominant crosstalk mechanism suggests that a simple
linear function should describe the data. However, as seen in Fig. 9, a simple
linear behavior is not observed.

The cause of the observed behavior is treated in some detail elsewhere [20], but

we describe it briey here. The number of photoelectrons is a quantized and
small-valued quantity. Since the number of photoelectrons in both the main

and adjacent strip uctuates independently according to Poisson statistics,

the observed distribution should obey the relation:

<�> = k

R
1

0 e�S S�+1 f(S) dSR
1

0 e�S S� f(S) dS
; (2)

where � is the number of photoelectrons seen in an adjacent strip, � is the

number of photoelectrons in the central strip, S and s are the \true" signals
before Poisson smearing in the main and adjacent strips, respectively, k = s=S

is the crosstalk fraction, and f(S) is the distribution of true signals S. One
should interpret this parameter k with care. It is the ratio of signals in the

adjacent and central strip, not the fraction of total signal seen in the adjacent
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strip.

As discussed in Ref. [20], it is imperative to know the underlying light yield

distribution, f(S), which is smeared by Poisson photostatistics into the ob-

served distribution, (F(�)) (cf. Fig. 7). The underlying light yield distribution
should be proportional to the Landau uctuation in energy loss rate dE=dx.

A Landau distribution was smeared according to Poisson statistics and the

important parameters tuned until the yield distribution of Fig. 7 was repro-

duced. Then a function of the form suggested by Eq. (2) was evaluated. This

function has only one free parameter (k), which was adjusted until the data

of Fig. 9 were reproduced. It is expected that all of the megatile variations

should have similar crosstalk, with the exception of the Black Stripe varia-

tion. When one analyzes all the detector variations, one �nds that most are
very similar, with a crosstalk fraction k = (12� 1)%. As expected, the Black
Stripe variation has less crosstalk; k = (4 � 0:5)%. However, there are two

variations with crosstalk behavior distinctly di�erent from the norm. Optical
Glue has a crosstalk constant k = (10 � 1)%, and BC-404B Normal has
a crosstalk constant k = (14:5 � 1)%. It is uncertain if these deviations are
signi�cant or if they reect an as yet not understood systematic error.

In the preceeding discussion we have required all tracks to be within 1.8 mm of
the center of the main strip, a region where we expect k to be fairly constant.
The fractional amount of signal in an adjacent strip increases when a track
passes very near the edge of the central strip. In Fig. 10 we show the average
amount of number of photoelectrons in the left adjacent strip as a function
of the distance of the track from the main strip's center. (Note: there are

typically two strips adjacent to a central strip. In this plot we are choosing
an arbitrary side and looking at the crosstalk into strips on that side only.)
Two curves are seen, one with substantially more crosstalk than the other.

The curve with more crosstalk denotes the BC-404B Normal variation,
while the lower crosstalk curve denotes the Black Stripe variant. While both

curves show an asymmetry in the crosstalk curves, the asymmetry for the
Black Stripe variant is much larger, even though the overall crosstalk is less.

For the Black Stripe variant, the near side crosstalk is 16% above the mean,
while the far side crosstalk is 16% below the mean. Thus for the Black Stripe

variation, the near side crosstalk is 5.2% and that for the far side is 3.9%. For

the other megatile variations, the asymmetries fall in the range of (4:5�1:2)%.

Figure 10 shows a structure in the crosstalk signal similar to that seen in the
main strip signal (see Fig. 6). This underscores the fact that the crosstalk

signal is related to the amount of scintillator traversed by the charged particle

(and therefore light produced). This can be further demonstrated if one plots
the ratio K = (adjacent strip photoelectrons)/(main strip photoelectrons) as

a function of the distance of the track from the main strip's center. This ratio
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K is very similar to the k discussed in the text surrounding Eq. (2) except it is

the ratio of observed photoelectrons and not scintillator light. As shown in Fig.

11, the average amount of crosstalk into an adjacent strip is quite constant in

the region j�xj < 1:8 mm. The increase in the ratio K for j�xj > 1:8 mm is

explained because the number of photoelectrons in both the main strip and the

adjacent strip are decreasing in this region (see Figs. 6 and 10). Because the

number of photoelectrons is a quantized variable which is small in this region

for both strips, the ratio of the two must go up. The asymmetry discussed

above is clearly evident and reects the fact that only crosstalk into the left

adjacent strip is considered.

Crosstalk is observed in the various extrusion con�gurations as well. For the

Clear Extruded variant, the crosstalk constant k is approximately 33%, un-

derscoring the need for optical isolation. TheWhite Extruded and Normal
Extruded variations have crosstalk constants comparable to those seen in the
megatile variations. We speculate that this is due to inadequate painting and

intend to explore this conjecture in a subsequent prototype which will more
thoroughly investigate the extrusion technologies.

6 Summary of Results

We have presented detailed data on the optical and scintillation properties of
a plastic scintillating strip with wavelength shifting �ber and VLPC readout.
Strips were (4.5 � 5.0) mm rectangular in cross section and one meter in

length. The wavelength shifting �ber was silvered on one end and read out

on the other end. The VLPC readout gave greatly improved photostatistics;

typical light yields were 18 photons (and 4.5 photoelectrons) per mm of scin-
tillator for cosmic rays with minimum energies of 2.5 GeV. With the thickness

of scintillator used, each minimum ionizing particle typically yielded an aver-
age of 72 photons, which corresponds to 20 photoelectrons, given our readout

system. Since the minimum number of photoelectrons needed is determined by
the minimum allowed e�ciency, this is four times what is required to e�ciently

see minimum ionizing particles. With this substantial light yield we were able

to study attenuation length, signal uniformity, end e�ects, and crosstalk be-
tween strips in more detail than has been possible previously. Small variations

in detector fabrication were tested and results were obtained for 14 megatile
variations and four extrusion variations. Further tests with extruded scintilla-

tor and with triangular strip cross sections are planned in the near future.
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Figure Captions

1. An end view schematic of the D� Fiber Tracking Group's cosmic ray tracker.

The four black boxes labelled \Trigger Counters and Chambers" represent

both the trigger counters and the Iarocci chambers, except for the bottom

one, where only a trigger counter is present. The preshower prototype is

nestled under the �ber tracker. The distance from top to bottom is about

3 meters. The �gure is not to scale.

2. Shown are the construction details of the \normal" megatile design. Both

isolation and �ber grooves are shown. Note that the layer-to-layer staggering

is half a cell.

3. This plot illustrates the impressive performance of the VLPC. The 0, 1, 2

and 3 photoelectron peaks can be seen.

4. This plot shows typical nonlinearity curves in the electronics chain from am-
pli�er to ADC. Generally, the response of the ampli�er is linear until about
20 photoelectrons, at which point the response quickly becomes nonlinear.

The various channels are substantially similar. For any particular number
of ADC counts, the channel-to-channel spread in the corresponding number
of photoelectrons is about 10%. Each channel is linearized separately.

5. Shown are the attenuation curves for the cases of silvered and unsilvered
WLS �bers. The response of silvered �bers is given by the circles, while the

typical response for unsilvered �bers is drawn in as a line and is labeled
\Direct". The silvered �ber case has a small attenuation loss over the en-
tire meter of scintillator. The unsilvered case shows noticeably more loss.
Fluctuations around the average trend are on the order of 2-3%, with some
points varying as much as 7-8%. In addition, both the direct light component
(which is equivalent to the unsilvered case) and reected light component

are indicated. The unsilvered attenuation length used is � = 4:5 m, with a
reection coe�cient R = 0:7. These data correspond to the 0.050" detector
variation.

6. Shown is the signal uniformity across the strip for three di�erent �ber groove

depths. The vertical lines at �(0.05, 0.21, 0.25) cm correspond to the edges

of the �ber groove, the scintillator/glue interface, and the center of the
isolation glue, respectively. It is apparent that the depth of the dip in light

yield is related to the depth of the �ber groove. The slight asymmetry in
the location of the central groove is understood to be due to a 100 �m shift

in putting the scintillator back on the milling table. Note that the vertical

axis is given in number of photoelectrons. Each detector variant is attached
to VLPC's with di�erent quantum e�ciencies (see Sec. (5.4)).

7. Shown is a typical yield curve. The horizontal axis is the number of pho-

toelectrons per millimeter of scintillator traversed. Only data in the region

of maximum light yield are used (i.e. j�xj < 0:05 cm and j�xj > 0:15

cm are excluded, where �x is the distance between the center of the strip

and the track intercept at the strip, halfway between the top and bottom

surfaces). The signal is clearly separate from pedestal. This particular plot
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corresponds to the 0.100" variation.

8. Shown is the response of the detector (in average number of photoelectrons)

for particles near the end of the detector. For this plot, there is no restriction

on where the particles can hit the strip, other than the restriction that they

must be within 2.5 mm of the strip center in x. The result shown here is for

404B Normal.

9. Shown is the crosstalk for two detector variations. The solid circles are for

BC-404B Normal, the open squares are for Black Stripe. In both cases,

the horizontal axis is the number of photoelectrons seen in the \central"

strip. The vertical axis is the average number of photoelectrons seen in an

adjacent strip. When applicable, both adjacent strips are used and thus

often there are two entries per central strip in this plot. In order to avoid

non-uniformities in the amount of crosstalk for di�erent parts of the strip

(especially near the edges), a cut of j�xj < 1:8 mm is imposed, where �x
is the distance between the center of the strip and the track intercept at
the strip, halfway between the top and bottom surfaces. As expected,Black

Stripe has less crosstalk than BC-404B Normal. The \dual slope" nature
of the curves is discussed in the text.

10. Shown is the amount of crosstalk in a neighboring strip as a function of
the position of a track with respect to the center of the central strip. On
the vertical axis is plotted the average number of photoelectrons seen in

the adjacent strip to the left of the central strip. The adjacent strip to the
right of the central strip is not included in this plot. The horizontal axis
is the distance of the track from the center of the central strip, in units
of centimeters. The open squares are for the Black Stripe variation. The
solid circles are for the BC-404B Normal variation.

11. Shown is the ratio K which is the number of photoelectrons in an adjacent

strip divided by the number of photoelectrons in the hit strip as a function
of the track position in the hit strip. In this plot only crosstalk into the
left adjacent strip is included. The horizontal axis is the distance of the

track from the center of the central strip, in units of centimeters. The open
squares are for the Black Stripe variation. The solid circles are for the

BC-404B Normal variation.
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Detector Variation R �r (mm) �l (mm)

0.100" 0.59�0.01 4:70� 0:46 4:91� 0:43

0.050" 0.88�0.01 4:27� 0:35 3:32� 0:34

404B Normal 0.81�0.01 4:74� 0:46 2:77� 0:29

404A Normal 0.82�0.01 5:44� 0:31 4:05� 0:42

404B Heated 0.79�0.01 4:05� 0:36 3:12� 0:38

404A Heated 0.82�0.01 3:60� 0:33 4:01� 0:49

404B Crazed 0.79�0.01 4:23� 0:35 3:07� 0:34

404A Crazed 0.84�0.01 5:24� 0:38 4:01� 0:44

0.038" 0.81�0.01 4:57� 0:31 2:87� 0:29

Black Stripe 0.81�0.01 4:23� 0:35 3:17� 0:42

Optical Glue 0.77�0.01 5:72� 0:35 3:12� 0:31

BCF-91A 0.81�0.01 4:99� 0:35 3:22� 0:32

Y11 350 0.81�0.01 4:82� 0:35 2:97� 0:32

Normal Extruded 0.92�0.01 5:72� 0:49 4:53� 0:36

Clear Extruded 0.93�0.01 4:27� 0:32 4:53� 0:44

White Extruded 0.92�0.01 3:96� 0:52 5:03� 0:45

Table 1

R is the ratio of the average response of particles travelling through the �ber groove

to average response of particles travelling through the part of the strip that gives

maximum signal. Detectors are grouped by \like" construction techniques. As ex-

pected, R is related to the depth of the �ber groove. There appears to be a degree

of uniformity between \like" construction techniques. Also shown is the width (in

mm) of the region of reduced light yield at the ends of the scintillators. �l denotes

the end of the scintillator where the WLS �bers exit the strip. �r denotes the end

with the silvered end of the �ber. Details of the de�nitions are given in the text.
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Detector Variation Mean RMS # Events Mean Relative

(pe/mm) (pe/mm) (Photons/mm) Response

�2% �2% �20%

Optical Glue 6.13 2.31 39965 24.94 133:1� 5:7

404B Normal 4.10 1.72 42823 18.74 100:0� 3:0

0.050" 4.36 1.85 40787 18.61 99:4� 4:5

0.038" 4.51 1.67 42067 17.96 95:8� 4:4

404B Heated 4.67 1.74 38792 17.83 95:2� 4:5

Y11 350 4.92 1.85 38575 17.62 94:1� 4:2

404A Normal 4.67 1.65 38471 17.33 92:5� 4:0

0.100" 5.15 2.05 36309 17.14 91:5� 4:1

404A Crazed 4.67 1.74 39649 15.86 84:7� 4:5

Black Stripe 4.38 1.97 38273 15.51 82:8� 3:6

404A Heated 4.51 1.65 35924 15.50 82:7� 3:9

404B Crazed 4.05 1.69 37712 14.62 78:0� 5:9

BCF-91A 3.85 1.54 42127 13.44 71:7� 3:0

Normal Extruded 3.16 1.38 18540 10.79 57:6� 2:5

White Extruded 2.98 1.26 21868 10.57 56:4� 2:5

Clear Extruded 2.10 0.96 16643 8.13 43:4� 3:1

Black Extruded 0.28 0.28 16198 0.85 4:5� 0:2

3HF 0.00 0.00 39317 0.00 0:0� 0:0

Table 2

Tabulated are the responses of each detector variation in units of photoelectrons

(and photons) per millimeter. While the results change if the most probable value

is used rather than the mean (most probable � 90% of the mean), the relative

response does not. The relative response compares the number of photons exiting

each detector variant. Only data in the region of maximum light yield are used (i.e.

j�xj < 0:05 cm and j�xj > 0:15 cm are excluded, where �x is the distance between

the center of the strip and the track intercept at the strip, halfway between the top

and bottom surfaces).
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